Although hemolytic anemia-associated pulmonary hypertension (PH) and pulmonary arterial hypertension (PAH) are more common than the prevalence of idiopathic PAH alone, the role of hemolysis in the development of PAH is poorly characterized. We hypothesized that hemolysis independently contributes to PAH pathogenesis via endothelial barrier dysfunction with resulting perivascular edema and inflammation. Plasma samples from patients with and without PAH (both confirmed by right heart catheterization) were used to measure free hemoglobin (Hb) and its correlation with PAH severity. A sugen (50 mg/kg)/hypoxia (3 wk)/normoxia (2 wk) rat model was used to elucidate the role of free Hb/heme pathways in PAH. Human lung microvascular endothelial cells were used to study heme-mediated endothelial barrier effects. Our data indicate that patients with PAH have increased levels of free Hb in plasma that correlate with PAH severity. There is also a significant accumulation of free Hb and depletion of haptoglobin in the rat model. In rats, perivascular edema was observed at early time points concomitant with increased infiltration of inflammatory cells. Heme-induced endothelial permeability in human lung microvascular endothelial cells involved activation of the p38/HSP27 pathway. Indeed, the rat model also exhibited increased activation of p38/HSP27 during the initial phase of PH. Surprisingly, despite the increased levels of hemolysis and heme-mediated signaling, there was no heme oxygenase-1 activation. This can be explained by observed destabilization of HIF-1a during the first 2 weeks of PH regardless of hypoxic conditions. Our data suggest that hemolysis may play a significant role in PAH pathobiology.
Both pulmonary hypertension (PH) and pulmonary arterial hypertension (PAH) are prevalent in patients with hemolytic anemias, such as sickle cell disease (SCD) (1-3) and thalassemias (4) . However, the independent role of hemolysis in PAH development and progression is poorly understood (5) .
Hemoglobin (Hb) and its co-factor heme are involved in a wide number of biological processes including gas exchange, antioxidant defense, signal transduction, metabolism, and energy production (6) (7) (8) (9) . However, the rupture of red blood cells (RBCs) results in the circulation of free Hb, along with its degradation product, heme, which are both toxic for many organs (10) . It is now well accepted that extracellular heme and free Hb toxicity plays an important role in several disease conditions associated with hemolysis (e.g., sickle cell disease [11] , thalassemia [12] , sepsis [13] , acute lung injury [14] ). Shared pathobiologies in the above-mentioned conditions are related to lung complications, such as hypoxemia and abnormal alveolar-capillary permeability with pulmonary edema. Acute conditions do not induce any reported predisposition to PAH, although, it has been suggested that there could be a link with a common molecular and cellular pathways that lead to endothelial cell activation and dysfunction (15) . In contrast, chronic hemolytic diseases have a well-documented association with increased pulmonary vascular resistance (PVR) and vascular remodeling seen in patients with PAH (16) (17) (18) (19) .
Elevated free Hb was previously reported in patients with PAH (20) , and there were modest correlations with hemodynamic parameters (mean pulmonary arterial pressure [mPAP] , PVR, and cardiac index [CI] ). It was found that the highest free Hb had an association with an increased risk of PAH-related hospitalization. However, the molecular mechanisms of free Hb action in PAH were mainly attributed to nitric oxide scavenging activity and induction of oxidative stress. Another study has demonstrated that chronic infusion of Hb into rats can induce a mild form of PH with vascular remodeling (21) . This work mainly attributed the Hb effect to the inflammatory responses in the lungs. In the present study, the effect of free Hb and its degradation product, free heme, are explored as the possible contributors to the hemolysis-related effects in PAH development.
Heme moiety is having a renaissance of attention recently as a stand-alone signaling molecule. Free Hb from ruptured RBCs rapidly oxidizes in the bloodstream and releases free heme. Recently, heme was characterized as a molecule that can activate Toll-like receptor (TLR)-4 (22, 23) . Activation of TLR4 is involved in the endotoxin-mediated effects on endothelial barrier permeability, and was shown to play an important role in pneumonia, sepsis, and acute lung injury. The TLR4 signaling cascade involves transcriptional activation of many inflammatory genes. However, TLR4-mediated endothelial barrier disruption takes roughly 3-4 hours to reach its maximal effect from endotoxin stimulation (24) . In the current study, we have found that the effects of free heme on human lung microvascular endothelial cells (HLMVECs) are at least 10 times faster than those of endotoxin through TLR4 signaling. Thus, we explored other signaling pathways involved in heme-mediated endothelial barrier dysfunction. Here, we report that heme induces endothelial cell permeability through activation of the p38/HSP27 pathway. Increased lung vascular permeability due to hemolysis can contribute to the disease progression in an Sugen (SU)/hypoxia model of PAH and patients with PAH.
Methods

Human Subjects
The cohort consisted of patients with a diagnosis of group I PAH with varying functional classes (PAH group, n = 27) as well as patients initially suspected of PAH, but not confirmed based on right heart catheterization (non-PAH group, n = 14). All patients were prospectively recruited from the University of Arizona and provided written consent to participate in this study with the approval of the University of Arizona Institutional Human Subjects Review Board (Institutional Review Board N1100000621). Clinical and demographic data are presented in Table 1 .
Free Hb Concentration in Plasma
To measure free Hb concentration, we used two methods. The first method involved HPLC separation of the plasma proteins by molecular weight, followed by the quantification of Hb using heme-related absorbance at 400 nm. Briefly, 40 ml of plasma sample was mixed with 60 ml of PBS and injected into a Bio-Rad NGC chromatography system with size exclusion column (ENrichSEC650). A standard, based on porcine Hb (Sigma), was used to identify retention time for the free Hb. The second method involved 1 ml of plasma for seminative gel electrophoresis with the following detection of in-gel heme fluorescence (ex: Blu Epi, em: 532/28 with 100 seconds exposure time). Data were calculated using a Bio-Rad Chemidoc MP imager.
A Rat Model of PH
All experimental procedures were approved by the University of Arizona Institutional Animal Care and Use Committee. PH was induced by a single injection of SU5416 (50 mg/kg) subcutaneously, followed by 3 weeks of hypoxia (10% O 2 ) and 2 weeks of normoxia. All hemodynamic parameters were obtained similarly to our previous studies (25) . This study included four animal groups: control group; SU1, rats were analyzed after 1 week of SU5416 and hypoxia treatment; SU2, rats were analyzed after 2 weeks of SU5416 and hypoxia treatment; and SU5, rats were analyzed after 5 weeks of SU5416 treatment (3 wk of hypoxia with a following 2 wk of normoxia). Sulfasalazine was administered (20 mg/kg intraperitoneal alternate days) starting from Day 7 and continued for 4 weeks. Plasma samples, along with lung and heart tissue, were collected from animals.
Cell Line
HLMVECs (Sciencell) were cultured using an endothelium media specific for HLMVECs and 10% FBS (Sciencell). Non-PAH control patients (n = 14) were preliminarily diagnosed with PAH; however, the diagnosis was not confirmed based on a right heart catheterization. Samples from patients with PAH (n = 20) with functional classes (FCs) 3 and 4 were used in the calculation. Our data demonstrate a fivefold increase in free Hb signal in patients with PAH (mean 6 SEM, *P , 0.0001 versus non-PAH, Mann-Whitney test). (B) The plot of the free Hb by the PAH FC exhibit increased hemolysis with an increase of disease severity. The non-PAH group has a significant difference with PAH FC 3 and 4. Interestingly, PAH FCs 1, 2, and 3 are significantly different from FC 4 (mean 6 SEM, *P , 0.05 for non-PAH versus FC3 and -4, † P , 0.05 for FC4 versus FC1, -2, and -3, ANOVA). (C) Mean pulmonary arterial pressure (mPAP) strongly correlates with free Hb level (expressed as log(Hb); Spearman's correlation coefficient r = 0.81, P , 0.0001, n = 37). (D) Significant correlation between free Hb (expressed as log(Hb)) and pulmonary vascular resistance (PVR) (Spearman's correlation coefficient r = 0.61, P , 0.0001, n = 37). (E) Brain natriuretic peptide (BNP) levels as a measure of heart failure correlates with free Hb (Spearman's correlation coefficient r = 0.73, P , 0.0001, n = 38), and (F) negative correlation with cardiac index (Spearman's correlation coefficient r = 20.47, P = 0.0036, n = 37) were observed. WU = Wood units. Our data indicate a gradual increase of pressure with disease progression (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6-8). (B) RV hypertrophy was assessed as RV mass over body weight (BW) and expressed in the plot. We found that significant heart hypertrophy started from Week 2 (SU2 group) and continued to increase at Week 5 (SU5) (mean 6 SEM, *P , 0.05 Cells were used from passages 3-8. All experiments were performed on 100% confluent cells. Any treatments were accompanied with controls treated with a corresponding vehicle.
Statistical Analysis
An analysis of correlation between plasma free Hb and markers of PAH progression (mPAP, the plasma level of brain natriuretic peptide, PVR, cardiac output, and CI) in cohorts of patients with and without PAH was performed using Spearman's correlation. Unadjusted models assessed the impact of the free Hb on markers of PAH progression. The means (6SEM) were calculated, and significance was determined by the unpaired t test, Mann-Whitney test for patient's data, or ANOVA (ANOVA). For ANOVA, Bonferroni's post hoc testing was also used. A value of P less than 0.05 was considered significant. Statistical calculations were performed using the GraphPad Prism 5 software (GraphPad Software, Inc.).
For all other methodologies, please refer to the materials in the data supplement.
Results
Elevated Free Hb Levels in Plasma of Patients with PAH
Fluorescence intensity of free Hb in patients with PAH (PAH functional classes 3 and 4) was plotted against suspected, but not confirmed, patients with PAH (non-PAH group). Interestingly, patients in PAH functional classes (FCs) 3 and 4 demonstrated elevated free Hb compared with those in FC1 and -2. Our data indicate a significant, fivefold elevation of free Hb signals in patients with PAH ( Figure 1A ). Thus, an increase in Hb plasma content was associated with increased severity of the disease ( Figure 1B) , as defined by FC. Further analysis of clinical data indicated a strong correlation (r = 0.81, P , 0.0001) between levels of hemolysis and mPAP in Figure 1C . We also found a significant correlation (r = 0.61, P , 0.0001) between Hb and PVR ( Figure 1D ). The levels of circulating brain natriuretic peptide as a measure of right heart failure correlated markedly (r = 0.73, P , 0.0001) with high Hb levels ( Figure 1E ). Moreover, free Hb negatively correlated with CI (r = 20.47, P = 0.0036; Figure 1F ). Interestingly, despite the accumulation of free Hb in plasma, the total Hb levels remain unchanged, suggesting the compensation of hemolysis in patients with PAH with increased erythropoiesis, as previously reported (26) . These clinical observations lead to the study of the effects of free Hb and heme in an animal model of PAH and cell culture to uncover the mechanistic reasons for the observed correlations.
Increased Vascular Permeability in the Early Stage of the SU/Hypoxia Model
In the present study, we used a Sugen/hypoxia rat model of PAH. We have used two midpoint groups at Week 1 (SU1) and Week 2 (SU2) after Sugen administration and the final time point at Week 5 (SU5). Right ventricle (RV) catheterization indicates a significant increase in the RV peak systolic pressure (RVPSP) as early as Week 1 (SU1) and development of a severe form of PAH (RVPSP at 115 mm Hg) in the SU5 group ( Figure 2A ). RV hypertrophy (measured as RV mass normalized to the body weight, as left ventricle was found to be also hypertrophied at the late stages) showed a significant increase in the SU2 group with a further progression of RV hypertrophy in the SU5 group ( Figure 2B ). Interestingly, the lung weight increased only at the very early stages of PAH in SU1 and SU2 ( Figure 2C ). Aberrant changes in the lung weight suggested the development of lung edema during the early stages of the disease, and it was previously reported in the monocrotaline model of PAH (27, 28) .
The histological comparison revealed a significantly pronounced perivascular space edema, specifically in SU1 and SU2 animals ( Figure 2D ). Importantly, in the late stage of the PAH, the highly proliferative vessels, but not perivascular edema, were observed. Indeed, the proliferation of the vascular wall can decrease the vascular leakage due to increased numbers of cell layers that fluids should cross. This may explain the drop in the lung weight in the SU2 versus the SU5 group ( Figure 2C) . Using HPLC analysis of free Hb content in plasma, we found that free Hb level correlated with disease progression. Control group has no detectable level of free Hb, which was shown to already rise in the SU1 group (not significant) and continued to increase significantly in the SU2 and SU5 groups (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6-8). AUC = area under curve; C = control. . versus control group, ANOVA, n = 6-8). (C) Interestingly, lung weight per BW values do not follow a similar steady increase with disease progression. Instead, they increase significantly early in the SU1 and SU2 groups and decrease at SU5, even below SU1 values. Aberrant changes in lung weight can be attributed to lung edema development at SU1 and SU2, with a resolution at SU5 (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6-8). (D) Indeed, histological analyses of lungs revealed increased perivascular edema in SU1 and SU2 groups (arrows). Blinded quantification of edema for arteries with sizes of 50-200 mm showed a significant increase in edema area for the SU1 and -2 groups (mean 6 SEM, *P , 0.05 versus control group, † P , 0.05 for SU2 versus SU5, ANOVA, n = 6-8). (E) Double-blinded analysis of random lung fields stained for myeloperoxidase (MPO) exhibited increased neutrophils infiltration in the early stage of disease, with a significant difference in the SU2 group and resolution in the SU5 group (mean 6 SEM, *P , 0.05 versus control group, † P , 0.05 for SU2 versus SU5, ANOVA, n = 6-8). (F) Perivascular accumulation of activated (CD68-positive) macrophages markedly increased in the SU1 and SU2 groups. However, SU5 also had increased perivascular macrophage staining (mean 6 SEM, *P , 0.05 versus control group, † P , 0.05 for SU1 versus SU5, ANOVA, n = 6-8). Scale bars: 100 mm (D and F). E magnification is 340.
Lung sections also possessed a significant accumulation of myeloperoxidasestained neutrophils in the SU1 and SU2 groups, but not the SU5 group ( Figure 2E ). This increase in infiltration of inflammatory cells correlated with our observation of the lung leakage shown in Figures 2C and  2D . Immunostaining of the lungs against CD68, a marker of activated macrophages, indicated perivascular localization of activated macrophages in all groups ( Figure 2F) . Overall, the data indicate the increased permeability of the pulmonary vascular wall, especially at an early stage of PAH.
Free Hb in an SU/Hypoxia Model
To quantify the concentration of free Hb in the SU/hypoxia model, we used two different methods. First, we used in-gel Hb staining that showed no free Hb staining in controls and a high level of accumulation in the SU5 group ( Figure 3A) . Using the HPLC method of Hb detection, we found that there was a significant and gradual increase in free Hb in all SU-treated groups that correlated with an increase of pulmonary pressure and a disease progression (Figures 2A and 3B) . Analysis of plasma proteome revealed a reduction of plasma haptoglobin content that highlights hemolysis (29) in the SU/hypoxia model ( Figure 4A ). We have also found that hemopexin levels during disease progression were unchanged (see Figure 4B ). Hemopexin can be induced when the heme concentration is high (30) . Thus, the rate of hemopexin recycling can be matched with hemopexin upregulation resulting in the same plasma levels. Importantly, serum albumin levels were identical in all samples that indicate equal loading and processing of the samples in the proteomic analysis ( Figure 4C ).
Heme-mediated Endothelial Barrier Permeability
Hb undergoes rapid oxidation in the bloodstream (31) . Oxidized Hb releases its cofactor, heme, which could affect the endothelial barrier, and explains our observation of the lung leakage in the animal model. In this experiment, we studied the effect of free heme on HLMVEC barrier function using ECIS measurements of transendothelial electrical resistance (TEER). A gradual increase in free heme (0, 5, 10, 20, and 50 mM) added to the HLMVEC decreases endothelial monolayer barrier function, with a maximum antibarrier activity after 10-20 minutes of heme addition to the cells ( Figure 5A) . Interestingly, the hememediated barrier disruption had a recovery time of approximately 1 hour after heme administration for the 5-and 10-mM concentrations; however, 50 mM heme did not recover back to the control level.
Effect of Heme on p38 and HSP27 Phosphorylation
Our data in Figure 5A indicate that heme has a rapid effect on the endothelial barrier.
In this experiment, we tested whether activation of stress response components, p38 mitogen-activated protein kinase (MAPK) and p38-mediated phosphorylation of barrier-disruptive HSP27 could be responsible for hememediated effects on HLMVEC barrier function. We found that free heme incubation (30 min) with HLMVEC can induce p38 activation with as little as 1 mM of heme ( Figure 5B ). Our data exhibited the dose dependence of p38 activation by different heme concentrations.
To test whether activation of p38 MAPK is consistent with phosphorylation levels of HSP27, we monitored both proteins at different time points. Our data indicate that level of p38 activation by heme (50 mM) is correlated with phosphorylation of HSP27 ( Figure 5C ). Moreover, this activation of HSP27 is increased even after 45 minutes from heme addition ( Figure 5C ). To test whether heme-induced p38 activation is involved in barrier disruption, we used electric cell-substrate impedance sensing (ECIS) measurements of TEER in an HLMVEC culture model to assess barrier function under these conditions. Inhibition of p38 signaling with SB 239,063 (10 mM) resulted in attenuation of heme-mediated endothelial barrier disruption ( Figure 5D )
Activation of a Heme-mediated Pathway via Heme Carrier Protein-1-Assisted Translocation
Heme's involvement in the rapid intracellular signaling suggests that heme is actively transported through the plasma membrane. Heme carrier protein (HCP)-1 was reported to assist heme translocation in intestinal epithelial cells (32) , and was also found in the endothelial cell membrane. By using sulfasalazine (125 and 250 mM), a small molecule inhibitor of HCP-1, we tested the involvement of HCP-1 in hememediated effects on the endothelial barrier using ECIS. It was found that pretreatment (30 min) with sulfasalazine significantly and dose dependently decreased the effect of the heme ( Figure 5E ). Sulfasalazine pretreatment also prevented hememediated activation of p38 MAPK, as indicated by Western blot ( Figure 5F ). To demonstrate the contribution of extracellular heme signaling via activation of TLR4 (22), we pretreated HLMVECs with TAK-242 (100 nM), a TLR4
antagonist, and performed ECIS measurements of TEER. TAK-242 did not alter the heme-mediated drop in endothelial barrier ( Figure 5G ). 
p38/HSP27 Signaling in an SU/hypoxia Model
Studies were performed to confirm that p38/HSP27 signaling pathway takes place in an SU/hypoxia animal model, where we see lung leakage and increased hemolysis. Our Western blot data indicated significant levels of phospho-p38 in the SU1 group and elevated, but not statistically significant, changes in the SU2 group ( Figure 6A ). In contrast, the late stage of PAH demonstrated a nearcontrol level of p38 MAPK activation, which is highly correlated with changes in the lung permeability ( Figures 2C  and 2E ). Moreover, in accordance with our cell culture data ( Figure 5C ), phopsho-HSP27 levels were increased in the SU1 group and significantly upregulated in the SU2 group ( Figure 6B) . Importantly, activation of HSP27 was back to normal at SU5.
To check whether increased activation of heme-mediated pathways can be explained by the upregulated expression of HCP-1, we analyzed lung tissue with staining against HCP-1. Although HCP-1 was expressed in the lungs in all our animal groups, there was an additional upregulation in the SU5 group ( Figure 6C ).
Heme Scavenging by Heme Oxygenase-1 in an SU/Hypoxia Model
To further delineate why heme-activated signaling through the p38/HSP27 pathway works only at the early stage of PH, we tested heme oxygenase (HO)-1 activity. HO-1 is an intracellular heme-scavenging system that usually is inducible by high heme levels and consumes heme with a production of biliverdin/bilirubin. First, we have found that HO-1 levels did not change at Week 1, was significantly reduced at Week 2, and was then markedly elevated at Week 5 ( Figure 7A ). This finding corresponds with our previous observations that hememediated signaling is occurring specifically in SU1 and SU2 groups and is diminished in the SU5 group. To confirm our Western blot data, we have also monitored the bilirubin levels in lungs to assess the HO-1 activity. It was found that bilirubin levels correspond to our HO-1 expression data, with the highest concentration in the SU5 ( Figure 7B) .
It is well accepted that HO-1 expression is regulated by HIF-1a (33) . Thus, we evaluated the HIF-1a protein level in lungs. Importantly, our Western blot data indicate the same trend for HIF-1a expression ( Figure 7C ) as we found for HO-1 ( Figure 7A ), suggesting that nonresponsiveness of HO-1 to the elevated hemolysis may be explained by the decreased stability of HIF-1a in the SU1 and SU2 groups. Low HIF-1a concentration could be explained by its degradation during surgical procedures on rats; thus, to additionally confirm the level of HIF-1a activity, we have measured erythropoietin (EPO) plasma levels, a wellestablished downstream product of HIF-1a activity (34) . Indeed, we found that EPO did not change during hypoxia, and was highly elevated only during normoxia (SU5) ( Figure 7D ). Therefore, all four experiments in Figures 7A-7D showed a reduced level of HIF-1a activity in the SU1 and SU2 groups in spite of hypoxic conditions during the first 3 weeks of the SU/hypoxia model. To better understand why HIF-1a is downregulated under hypoxia, we assayed the level of expression for VHL and ELNG2 (PDH) proteins, which are responsible for HIF-1a degradation. Our data indicate upregulation for both proteins ( Figures  7E and 7F) . Importantly, carbonic anhydrase IX, which overexpress in the hypoxic tissue to recycle increased CO 2 , indicated increased levels in the first 2 weeks (SU1 and SU2), with a decrease to a normal level at Week 5 ( Figure 7G ), in accordance to the hypoxia/normoxia schedule. Phosphorylation of HSP27 in the SU5 group was similar to that in the control group. Owing to the variability in phospho-HSP27 signaling, we used two independent sets for illustration (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6). (C) Interestingly, HCP-1 expression was upregulated only at the end stage of disease in the SU5 group. Gel loadings were normalized with the stain-free methods of total protein measurement; see Figure E1 in the data supplement (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6). We expected that heme-catabolizing HO would be induced at the early stage of the disease when heme-mediated pathways are fully active. In contrast, our data indicate no change in the SU1 group, and even decreased HO-1 expression in the SU2 group. Interestingly, HO-1 was highly expressed in the SU5 group. Gel loadings were normalized with the stain-free methods of total protein measurement; see Figure E2 (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6). (B) To ensure that HO activity was similar to the expression profile, we used bilirubin measurement in the lung tissue to assay HO-integral activity. Our data exhibited no increase in bilirubin level in the SU1 and SU2 groups and a highly elevated level in the SU5 group that correspond to our Western blot data (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 6-8). (C) As HIF-1a regulates HO-1, we measured HIF-1a stability by Western blotting in the lung lysate. Surprisingly, the Western blot profile of HIF-1a was very similar to the HO-1 expression data. We found no activation of HIF-1a in the SU1 group and decreased stability in the SU2 group, despite the fact that rats were in the hypoxic condition for the first 3 weeks. Interestingly, HIF-1a was increased in the SU5 group that was in end-stage disease in normoxic settings. Loadings were normalized with the stain-free methods of total protein measurement; see Figure E1 (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 4). (D) To exclude any possibility of artifactual results, we used erythropoietin (EPO) measurement as a reporter for HIF-1a activity. Again, we did not find an upregulation of EPO in the SU1 and SU2 groups, whereas SU5 had highly increased levels of EPO. This was very consistent with our Western blot data on the HIF-1a protein level in lungs (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 5-8). Expression of (E) Von Hippel-Lindau (VHL) protein, which is responsible for degradation of HIF-1a, as well as (F) ELGN2, a protein that oxidizes proline residues in HIF-1a and targets it for degradation, were increased specifically in the first 2 weeks of the study (SU1 and SU2 groups; mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 3-4). (G) Importantly, expression of carbonic anhydrase IX (CAIX), which is an indicator of the hypoxic condition, independently exhibited hypoxic conditions in the first 2 weeks in the SU1 and SU2 groups (mean 6 SEM, *P , 0.05 versus control group, ANOVA, n = 3-4). (H) Treatment of rats with sulfasalazine (20 mg/kg) decreased RVPSP significantly and (I) heart hypertrophy (mean 6 SEM, *P , 0.05 versus control group, † P , 0.05 for SU5 versus SL, ANOVA, n = 5-8). RV / LV 1 S = right ventricle/left ventricle 1 septum.
Inhibition of HCP-1-mediated Heme Entry in an SU/Hypoxia Model
To test whether intracellular heme signaling is directly involved in the development and progression of PAH in an animal model, we administer sulfasalazine (20 mg/kg intraperitoneally every 2 d) after 1 week from disease induction by Sugen injection and exposure to hypoxia (10% oxygen) and until Week 5. We found that inhibition of HCP-1 restored both RVPSP ( Figure 7H ) and the Fulton index ( Figure 7I ) if compared with the fully developed disease group (SU5).
Discussion
Anemic conditions were previously shown to be associated with the severity of PAH (35) . Free Hb released from RBCs can induce chronic vasoconstriction due to nitric oxide scavenging activity in the bloodstream (36) . Elevated free Hb has also been described as an oxidant enzyme that induces oxidative stress, and this can damage the vasculature (37) . Those pathways can certainly contribute to disease development via proliferative and fibrotic vascular remodeling. However, we observed that free heme released from free Hb could be a signaling molecule, which translates extracellular Hb effects into intracellular pathways.
In patients with PAH, we found strong correlations between extracellular Hb and main hemodynamic parameters, such as mPAP, PVR, and CI. Importantly, free Hb levels were elevated in PAH functional classes 3 and 4 that make it useful for prediction of disease progression. In the animal PAH model, we found that the early stage of disease development involves increased free Hb in plasma and decreased haptoglobin that indicates the enhanced rate of hemolysis. Free Hb releases heme, and lung microvascular endothelium is very sensitive to the rise of heme concentration, resulting in endothelial barrier dysfunction. Our animal data showed a significant increase in lung weight due to perivascular edema at the early stage of PAH. This is a very interesting observation, because perivascular fluid can decrease gas transport, leading to local hypoxia (38, 39) , and induce vascular stiffness by mechanically restricting vasodilation. Thus, perivascular edema can explain why patients develop a local hypoxic microenvironment around the vessels and pulmonary artery stiffness, leading to RV dysfunction. Lung vasculature leakage increases immune cell infiltration, and this inflammatory component is also a wellestablished contributor to the progression of PAH (40) . The previous study has shown that continuous intravenous administration of Hb in rats can mildly increase pulmonary pressure, leading to vascular remodeling and perivascular inflammation (21) . Moreover, heme that crosses the endothelial barrier can directly affect proliferation of smooth muscle cells (41) . Treatment with heme increased the smooth muscle cell proliferation via nitric oxide activation, with subsequent upregulation of reactive oxygen species-sensitive signaling pathways.
It was previously described that heme could affect NF-kB signaling through the activation of TLR4 (23) . This typically leads to endothelial barrier disruption, as was very well documented for LPS-mediated action (24) . However, LPS mediates a relatively slow endothelial barrier disruption, reaching its maximal effect roughly 3-4 hours after LPS exposure. In contrast, heme induces a very rapid effect, with maximum barrier break at 15 minutes after heme exposure. According to our data, heme can also induce a very acute signaling cascade through p38 MAPK and HSP27, leading to barrier dysfunction. We confirmed that this mechanism occurs in the animal model at early time points in the SU1 and SU2 groups, which correlated with increased leakage. Our work also sheds some light on the mechanism of heme uptake by the endothelial cell via HCP-1 (32) . Our data indicate that, indeed, inhibition of HCP-1 dampens the heme-mediated intracellular activation of p38 MAPK. In fact, our animal data with sulfasalazine treatment indicate attenuation of PAH in the severe Su/hypoxia model. Thus, HCP-1 could be an important therapeutic target for heme-related complications.
HO is an inducible enzyme upon the increased concentration of heme. However, we did not find HO-1 induction at the early stage of disease in the SU1 and SU2 groups, but found a high level of HO-1 in the SU5 group. As HO is under HIF-1a control (42) , it is expected to be activated during the hypoxic phase of our animal model. This activation of HO-1 has a very important physiological role, due to increased erythropoiesis in hypoxia, in overcoming reduced oxygen availability (43) . Reticulocytes produced during hypoxia are more fragile than mature RBCs (44) . Therefore, hypoxia can be associated with increased hemolysis. Interestingly, our data indicate decreased stability of HIF-1a during a hypoxic regimen for PAH induction in our animal model. In contrast, HIF-1a rose at Week 5 when rats returned to normoxia. Moreover, this was also confirmed by EPO measurements that rose at Week 5 as well. It is important to note that increased EPO levels were found in patients with PAH (26) , and this correlates with our finding in the animal model. Interestingly, another marker of hypoxia, carbonic anhydrase IX, which is required for detoxification of CO 2 , was increased at the exact time of hypoxic events, and decreased in normoxia. Destabilization of HIF-1a, at least in part, could be explained by upregulation of VHL and ENGL2 proteins, which are responsible for HIF-1a degradation. Moreover, another study linked free heme with destabilization of HIF-1a. It is also possible that free heme could destabilize HSP90/HIF-1a interaction and, therefore, reduce HIF-1a stability (45) . Thus, the initial rise of heme at the early stage destabilizes HIF-1a, despite the hypoxic conditions, and this limits HO-1 induction. A possible role in HIF-1a stability was also shown for p38 MAPK. It was found that activity of p38 is opposed to HIF-1a stability, which resulted in HIF-1a activation by a p38 inhibitor (46) . Indeed, HIF-1a in our study was inhibited when p38 was active at the first 2 weeks of the PAH animal model, with activation of HIF-1a at the late stage when p38 signaling was downregulated. HIF-1a activation without a hypoxia environment is well described for patients with PAH (47, 48) , and results in increased erythropoiesis.
Conclusions
This study found significant correlations between free Hb concentrations and PAH severity parameters, which can be a very useful tool in the clinic for predicting early onset of the disease. We discovered that heme-induced activation of the p38/HSP27 pathway results in increased lung vascular permeability, perivascular edema, and increased immune cell infiltration at the early stage of PH. These data pinpoint not only new biomarkers, but also new therapeutic targets for PAH. n Author disclosures are available with the text of this article at www.atsjournals.org.
